Abstract Mitochondrial heat shock protein 70 (mtHSP70) is found to play a primary role in cellular defense against physiological stress like exposure to environmental contaminants and helpful in the maintenance of cellular homeostasis by promoting the cell survival. In the present investigation, the environmental-stress-induced increase in mtHSP70 levels along with the quantification of apoptosis signal regulating kinase 1 (ASK1) and thioredoxin (Trx) were measured in the liver mitochondria of grey mullets (Mugil cephalus) collected from the polluted Ennore estuary and the unpolluted Kovalam estuary for a period of 2 years. The results showed elevated lipid peroxide (LPO) and decreased total antioxidant capacity along with the decrease in mitochondrial viability percentage. Mitochondrial HSP70, ASK1, and Trx levels were increased under this stress condition. A 42% increase in LPO levels and 18% decrease in mitochondrial survivality were observed in the polluted-site fish liver mitochondria when compared to the results of unpolluted estuary. We also report that, under observed oxidative stress condition in Ennore fish samples, the ASK1 levels are only moderately elevated (13% increase). This may be due to mitochondrial-HSP70-induced adaptive tolerance signaling for the activation of Trx (22% increase) which suppresses the ASK1 expression thereby promoting the cell survival that leads to the maintenance of the cellular homeostasis.
Introduction
Estuarine environment is recognized as a complex ecosystem which is under constant disturbance to a greater extent by the industrial effluents which will in turn affect the ecosystem particularly the fish (Padmini et al. 2008c ). One such contaminated estuary that is facing a great threat due to metal contamination caused by the surrounding industries is Ennore estuary located in North Chennai, Tamil Nadu, India (Padmini and Vijaya Geetha 2007a) . Kovalam estuary located in South Chennai, Tamil Nadu, India was selected as the unpolluted study site, as the comparison between the polluted and unpolluted estuary gives a direct and effective evidence for the extent of contamination (Padmini and Kavitha 2003) .
Fish are widely used as sentinels of contamination and can be used as bioindicators of heavy metal pollution as they are exposed to bewildering array of anthropogenic chemicals. Heavy metals accumulated in the tissues of fish may catalyze reactions that generate reactive oxygen species (ROS) which may lead to oxidative stress (Farombi et al. 2007; Ryan and Hightower 1994) . Mitochondria are important dynamic organelles for cell survival and function, as the biogenesis of mitochondria is involved in the control of cell metabolism and signal transduction (Nisoli and Carruba 2006) . They are the primary sites of ROS formation and play a major role in the mediation of cellular damage (Thannickal and Fanburg 2000) . In a normal cell, there is always a balance between prooxidant and antioxidant pathways. Upon stress stimuli, an imbalance of the redox milieu develops that leads to the accumulation of ROS which in turn affects the survival of cell (Gutterman 2005) . The increased amount of ROS in mitochondria is likely to decrease the cellular viability by promoting the denaturation of proteins (Sakurai and Cederbaum 1998) .
As stress is unavoidable in the polluted environment, a cellular level stress response has been observed in nearly all organisms whose characteristic feature is the induction of heat shock proteins (HSPs) that encompass several families of cytoprotective proteins (Basu et al. 2001) . Stress proteins are known to provide information on the biological impact of toxic chemicals to organisms and to predict adverse consequences of that exposure (Sanders and Martin 1993) . HSP70 is found to have a protective role against oxidative stress and also found to be upregulated to assist in the refolding of proteins that are damaged during stress condition (Guo et al. 2007 ). HSP70 has been proposed as a significant biochemical marker of environmental stress caused during toxicant exposure (Tiano et al. 2004; Simon et al. 1995) .
Mitochondria contain the set of HSP70 that are essential for the import of proteins from the cytoplasm into the mitochondria and folding of the proteins which are found to be essential for cell viability (Bolliger et al. 1994) . MtHSP70 is essential for driving preproteins across the mitochondrial membrane into the matrix for maintaining the mitochondrial membrane potential that constitutes the motor unit of mitochondrial protein import machinery (Schatz and Dobberstein 1996) . Recently, we have reported that the increase in the level of mitochondrial heat shock protein 70 (mtHSP70) is associated with the prevention of NO-dependent increase in cellular free iron thereby maintaining the Fe-S clusters which is responsible for the intactness and integrity of mitochondrial respiratory chain complexes and hence reduced free radical damage (Padmini et al. 2009 ). Thioredoxin (Trx) is a widely distributed intracellular redox protein which constitutes an endogenous antioxidant system in addition to glutathione and superoxide dismutase systems by suppressing free radical formation. It regulates intracellular processes, including transcriptional activity, proliferation, and mitochondrialdependent apoptosis by forming an inactive complex with apoptosis signal regulating kinase 1 (Chen et al. 2002; Saitoh et al. 1998) . The increased ROS production under stressed condition would dissociate the Trx-ASK1 complex thereby increasing mitogen activated protein kinase (MAPK) pathway activity (Hsieh and Papaconstantinou 2006) . Previously, it was reported that the knockout or knockdown of the Trx may be detrimental to cell survival (Chiueh et al. 2005) . Also, Pouis and Montfort (2001) suggested that oxidative stress mediated ROS activate ASK1 in part by oxidizing Trx which releases ASK1 from the complex. The released ASK1 acts as a critical mediator in ROS-induced cell damage that leads to cell death.
Our previous studies demonstrated that the fish inhabiting the Ennore estuary are able to survive in the heavy metal pollution induced stressed situation (Padmini et al. 2008b) . It is important to understand the various damages that occur in these fish liver mitochondria during stress conditions and the mechanism that are involved in providing resistance to such damages which allow the fish to survive. As the development of fish tolerance towards estuarine contamination is in association with mtHSP70, we examined the levels of mitochondrial HSP70 along with Trx and ASK1 to understand the alterations in their expressions under natural stress conditions and the results were compared with the unpolluted Kovalam estuary.
Materials and methods

Chemicals
Malondialdehyde (MDA), thiobarbituric acid, 2,2′-azinobis, 3-ethylbenzothiaziline-6-sulfonate (ABTS), trolox, β-aminocaproic acid, phenylmethanesulfonyl fluoride, N-ethylmaleimide and dithionitrobenzoic acid were purchased from Sigma-Aldrich, USA. O-phthalaldehyde, hydrogen peroxide and ethylenediaminetetraacetic acid were from Sisco Research Laboratories, Mumbai, India. HSP70 enzyme-linked immunosorbent assay (ELISA) kit (EKS 700B), mouse monoclonal HSP70 antibody (SPA-810), rabbit polyclonal ASK1 antibody (AAP-480), mouse monoclonal thioredoxin antibody (MSA-150), and rabbit polyclonal β-actin antibody (CSA-400) were obtained from Stressgen Bioreagents, Victoria, Columbia, Canada.
Animals and study site
Mugil cephalus (grey mullets), a natural inhabitant of the estuaries, identified by the use of the Food and Agriculture Organization's species identification sheets was chosen as the experimental animal for the study (Fischer and Bianchi 1984) .
Two estuaries were chosen as the experimental sites for the study: (1) Kovalam estuary (12°49′ N and 80°5′ E), an unpolluted site situated about 35 km south of Chennai is far away from the influence of industrial pollution and (2) Ennore estuary (13°14′ N and 80°20′ E), situated about 15 km north of Chennai is a highly polluted estuary due to the discharge of effluents from industries like oil refineries, fertilizer company, thermal power stations, etc. surrounding this site. Contamination of the Ennore estuary by heavy metals like Fe, Pb, Cd, Mg, Zn, etc. to a significant extent was already confirmed by our previous studies (Padmini and Vijaya Geetha 2007b) .
Fish sampling
Grey mullets (M. cephalus) with average length of 30 cm were collected freshly twice in a month for 2 years (April 2006 -March 2008 from both the estuaries to study the effect of pollution on oxidative stress status of the fish. Sampling fish was collected with baited minnow traps in a shallow estuary and were placed immediately into insulated containers filled with aerated estuarine water at ambient temperature. Fish were sacrificed by severing their spinal cord and the liver was removed immediately for the isolation of mitochondria.
Isolation of fish liver mitochondria
The procedure of Johnson and Lardy (1967) with slight modifications was employed to isolate mitochondria. About 1 g of tissue was weighed and washed twice with ice-cold buffer and 5 ml of Kohler's homogenizing buffer. The homogenate was centrifuged in the refrigerated centrifuge at 500×g for 10 min. The supernatant was recentrifuged at 8,000×g for 30 min. The resulting pellet containing the mitochondrial fraction was resuspended and recentrifuged under the same experimental conditions to obtain the crude fraction of mitochondria. We purified the crude mitochondrial fraction by resuspending such fraction in three packed-cell volumes of mitochondrial suspension buffer (10 mM Tris HCl pH 6.7, 0.15 mM MgCl 2 , 0.25 M sucrose, 1 mM phenylmethanesulfonyl fluoride, and 1 mM dithiothreitol) and centrifuging at 9,500×g for 15 min for repelleting the pure mitochondria. It was then suspended in 0.25-M sucrose solution (pH 7.4) and homogenized for 1 min, which was then used for further studies. The presence of mitochondria in the pellet fraction was confirmed by the assay of succinate dehydrogenase enzyme (marker enzyme). Proteins were estimated by the method of Bradford (1976) with the use of bovine serum albumin as the standard.
Measurement of lipid peroxidation and total antioxidant capacity levels
Lipid peroxidation was measured by high-performance liquid chromatography according to Lykkesfeldt (2001) method as described previously (Padmini et al. 2008a) which involves measurement of the MDA adduct extracted from mitochondrial samples using thiobarbituric acid reagent. The results were expressed as nanomoles of MDA formed per milligram of mitochondrial protein.
Total antioxidant capacity (TAC) was determined according to Erel (2004) method using ABTS reagent as described previously (Padmini et al. 2008a ). The degree of free radical quenching in individual samples is indicative of its antioxidant potential. The TAC of the samples were quantified by comparing with the traditional standard trolox and the assay results were expressed in terms of millimole of trolox equivalent per liter.
3-(4,5-Dimethyl-2-yl)-2,5-diphenyl tetrazolium bromide assay
The survivality of liver mitochondria was determined by the 3-(4,5-dimethyl-2-yl)-2,5-diphenyl tetrazolium (MTT) assay (Mosmann 1983) . The mitochondrial suspension obtained by centrifugation was resuspended in phosphatebuffered saline (PBS) buffer and serially diluted to a concentration of 200 μg of mitochondrial protein per milliliter of mitochondrial suspension using the same buffer system. One-hundred microliters of the dilutions were plated out into the wells of a microtiter plate in duplicates. In the control wells, PBS alone was incubated to provide the blanks for absorbance reading. Ten microliters of MTT reagent was added to each well including controls. After incubation for 1 h, the visualized purple precipitate (formazan product) was solubilized with 1 ml acidic isopropanol. The plates were covered and left in the dark for 4 h at room temperature. Absorbance was measured at 560 nm in a spectrophotometer. The relative survivality was calculated by dividing the optical density of sample by the optical density of control well having the PBS buffer solution with MTT reagent and multiplying by 100.
Coimmunoblot analysis of HSP70, ASK1, and Trx
The fish liver mitochondrial protein aliquots containing 50-μg proteins were ran on two 10% sodium dodecyl sulfate-polyacrylamide gels that were placed together in the dual-gel electrophoretic system according to the method of Laemmli (1970) . Both the gels were then blotted on to polyvinylidene fluoride (PVDF) membranes (BioTrace PVDF 0.4 μm, Pall Corporation, Germany) according to the method of Towbin et al. (1979) after which the blotted membranes were blocked with 5% (w/v) nonfat dry milk in 0.1 M phosphate-buffered saline-Tween20 buffer (PBSTween buffer) pH 7.4 containing 5 mM sodium azide for 2 h at 25°C. Both the blotted membranes were cut into two equal parts. One part of the blotted membrane was thoroughly washed and then incubated with mouse monoclonal antibody against HSP70 alkaline-phosphatase-conjugated (Stressgen SPA810) for 3 h at 25°C. The 3-bromo-4-chloro-indolylphosphate-nitroblue tetrazolium (BCIP-NBT) substrate (Sigma, St. Louis, MO, USA) system was used to detect the alkaline phosphatase conjugate as described by the manufacturer for the quantification of specific immunoreactive proteins. Another part of the blot was incubated with rabbit polyclonal antibody against ASK1 diluted 1:3,000 (AAP-480) for 3 h at 25°C. The membrane was then incubated with appropriately diluted alkaline-phosphatase-labeled goat antimouse IgG secondary antibody prepared in PBS-Tween buffer. The BCIP-NBT substrate system was used to detect the bands as described above. The remaining blot sheet was thoroughly washed and then incubated with mouse monoclonal antibody against Trx diluted 1:3,000 (MSA-150) for 3 h at 25°C. The membrane was then incubated with appropriately diluted alkaline-phosphatase-labeled goat antimouse IgG secondary antibody prepared in PBS-Tween buffer. In the remaining blot sheet, the immunoblotting was performed for β-actin by incubating it with rabbit polyclonal β-actin antibody diluted 1:3,000 (CSA-400) for 3 h at 25°C followed by secondary antibody treatment and color development using BCIP-NBT substrate system. The band intensities were scanned with the HP Scan Imager and quantified using the Total Lab Software, GELS, USA. The results were confirmed by individually performing the blotting studies of HSP70, ASK1, and Trx. The results obtained for HSP70 were verified with the results obtained by the quantification of mtHSP70 by ELISA using HSP70 ELISA kit (EKS 700B).
Statistical analysis
Data were analyzed using commercially available statistical software package (SPSS for windows 7.5 version). Wilcoxon Mann Whitney test was performed to find out the significance of variations between the polluted-site and unpolluted-site fish samples and Spearman correlation test was conducted for correlation analysis. Results were presented as mean±SD. A p value<0.05 was considered to be statistically significant.
Results
Oxidative stress in response to environmental pollutants
The level of MDA, a measure of lipid peroxidation, was increased significantly in Ennore estuary fish when compared to liver mitochondria of fish collected from Kovalam estuary (42%; *p<0.05). The significant increase in LPO levels indicates a substantial increase in oxidative stress in the fish samples collected from the polluted site. In the fish liver mitochondria from Ennore estuary, the level of TAC was severely affected which is indicated by a significant decrease in their values to an extent of 24% when compared to the fish collected from unpolluted site (*p<0.05 Table 1 ). The results indicate elevated oxidative stress condition and defective antioxidant status in liver mitochondria of fish that inhabits the highly contaminated site.
Environmental stress decreases the viability of mitochondria
The viability of the fish liver mitochondria was assayed to determine the role of environmental pollutant induced stress on the cytotoxicity of liver cells. The mitochondrial viability percentage displayed a moderate variation between the two study sites (insignificant, Fig. 1 ). In Ennore estuary, the mitochondrial survivality is about 72% and dropped to an extent of 18% when compared with the Kovalam estuary (84%). The result demonstrated in the study suggests that there exists a factor in the mitochondrial system which would promote the survivality of mitochondria under such high oxidative stress conditions.
Environmental stress induced elevation of mtHSP70 levels
To evaluate the antistress mechanism developed by M. cephalus in response to stress situation, the levels of mtHSP70 were determined in liver mitochondria of fish from Kovalam and Ennore estuaries. The expression of mtHSP70 was markedly increased in response to environmental pollutant induced oxidative stress. In Ennore estuary samples, Table 1 ). The defective antioxidant status which is not sufficient to cope up with increased oxidative stress would evoke the cellular response that leads to elevated mtHSP70 levels in Ennore estuary fish sample. Hence, increase in HSP70 observed in response to stress situation may exert its protective effect against stress-induced damage and ultimately aid survival.
Pollution stress induced HSP70 overexpression mitigates stress induced ASK1 expression by elevating Trx expression
The expression of ASK1 (Fig. 2) (Table 2) . A significant positive correlation between the level of LPO-mtHSP70, LPO-Trx, and mtHSP70-Trx and a significant negative correlation between the level of LPO-TAC and mtHSP70-TAC were observed in polluted-site fish liver mitochondria (*p<0.05 Table 2 ). In the analysis, the correlation between the levels of LPO-mitochondrial viability percentage, mtHSP70- 
Discussion
Domestic sewage, combustion emission, mining operations, metallurgical activities, and industrial effluents are among the sources of anthropogenic metal inputs and heavy metals such as Pb, Cd, Cu, and Zn are released as a result of these processes (Chinni and Yallapragda 2000) . Estuarine and coastal environments in particular are affected by a wide range of pollutants due to increased anthropogenic activity from a burgeoning population in the coastal zones. The Ennore estuarine region, the study site of the present investigation, is known to be highly polluted due to increasing industrial activities (Padmini and Sudha 2004) .
In the last few decades, attempts were made regarding the evaluation of metal pollution, measurement of metalpollution-induced oxidative stress, and the expression of HSP70 in M. cephalus surviving in this polluted estuary (Padmini et al. 2008b; Padmini and Usharani 2008) . In Ennore estuary fish liver mitochondrial samples, the comparison of LPO values with the result of the TAC values showed that the TAC level decreases proportionately with increased levels of LPO reflecting the defective antioxidant status when compared with Kovalam estuary samples (Table 1 *p<0.05). The negative correlation that is shown to exist between the LPO and TAC levels may be due to the presence of heavy metals in the Ennore estuary. Under such oxidative stress conditions, the toxic effects of the pollutants may overwhelm the antioxidant defenses (Bebianno et al. 2004 ). The results suggest that the elevated generation of reactive oxygen species in the mitochondria causes prooxidative state that damages mitochondria and leads to a loss in cell viability in the fish collected from Ennore estuary.
In these samples, about 42% increase in LPO levels and 24% decrease in TAC levels were observed (Table 2) . Under such high oxidative stress conditions, there was only 18% decrease in mitochondrial survivality percentage (insignificant; Fig. 1 ) which confirms the presence of factors that decrease the mitochondrial survivality percentage to a smaller extent and promotes the survival of fish.
Mitochondria are the main energy-transducing organelles of eukaryotic cells and play a crucial role in the cellular metabolism (Lill and Kispal 2000) . Hence, the maintenance of mitochondrial activity by preserving protein content and function is essential under stressed conditions. From the quantification of mtHSP70 expression levels (Fig. 2) , it is found that there is about 31% increase in mtHSP70 levels in the polluted estuary inhabiting fish liver mitochondria when compared to the unpolluted estuary fish sample. In the polluted estuary inhabiting fish, the oxidative stress is in excess to be compensated by the fish antioxidant machinery and the overexpression of mtHSP70 is meant to repair the excessive oxidative damage of proteins caused by the pollutants.
HSPs have a role to play in long-term adaptation and increased stress tolerance (Morimoto and Santoro 1998) . The mitochondria also depend on the import transport of numerous proteins from the cytosol which relies on mitochondrial chaperones including HSP70, as well as specific import machinery including the translocases of the inner membrane and outer membrane (Neupert 1997; Wickner and Schekman 2005) . Zhao et al. (2007) showed that HSP70 contributes to thermotolerance, as the elevated HSP70 levels decrease cell sensitivity to heat stress and protect the cell against toxicity induced by tumor necrosis factor, ultraviolet ray, oxidative stress, and some chemicals. Most of the studies show that the level of HSP70 induction is correlated positively with the degree of cell tolerance against temperature and oxidative stress but the potential mechanism responsible for the protective effects of HSP70 on cell survivality remains unexplored.
In the Ennore estuary sample, the positive correlation that exists between LPO and mtHSP70 values proved that under high oxidative stress conditions, the cellular stress response in terms of HSP70 would get elevated in order to counteract the stress situation. In addition, the comparison between the mtHSP70 expression levels and the TAC levels shows a significant negative correlation which proves that the elevated expression of mtHSP70 (31% increase when compared to Kovalam estuary) is meant to cope up with the imbalance in antioxidant machinery and to promote the survival of mitochondria under contaminated stress condition (Table 2) . But the results obtained from Kovalamestuary-inhabiting fish shows comparatively less mtHSP70 levels indicating that these species did not experience significant pollution induced stress. In the polluted site fish liver mitochondria, the insignificant reduction in the mitochondrial viability may be due to the cytoprotective strategy exhibited by mtHSP70 ( Table 2) . As HSP70 is thought to protect cells against cellular stress, the adaptive role of elevated levels of HSP70 in Ennore estuary fish liver mitochondria was correlated with ASK1 and Trx expression levels.
Trx can exert its protective function either directly as an antioxidant by reducing the activity of oxidized Trx peroxidase to scavenge ROS such as H 2 O 2 or indirectly by binding to signaling components or modulating their function (Nordberg and Arner 2001) . ASK1 is one of the transcription factors involved in signal transduction that are sensitive to regulation by reactive species. Trx-ASK1 complex preexists in the normal unstressed cells and appears to be the target of many extracellular stimuli such as ROS that activates ASK1 by disrupting the Trx-ASK1 complex (Liu et al. 2000) . The complexity of Trx with the N terminus of ASK1 determines the ROS-mediated regulation of p38 MAPK and JNK pathways (Saitoh et al. 1998) . Further, Trx is found to be identified as direct physiological inhibitor of ASK1 and plays an important role in the maintenance of cellular redox balance (Adler et al. 1999; Salinas and Wong 1999) .
The individual comparison of LPO levels and the mtHSP70 levels against the Trx levels in the fish collected from Ennore estuary shows a significant positive correlation. Hence, the simultaneous elevation in Trx levels along with LPO and mtHSP70 would inhibit the activity of ASK1. The above fact was also confirmed by the insignificant correlation that exists between LPO-ASK1 and mtHSP70-ASK1 (Table 2 ). The inhibitory effect of increased levels of mtHSP70 may modulate the level of ASK1 in the polluted-site samples. Consistent with this, it has been reported that the biological function of ASK1 is negatively regulated by ASK1-interacting proteins including thioredoxin, protein serine/threonine phosphatase 5, glutathione S-transferase, 14-3-3 protein, Akt, and HSP70 (Morita et al. 2001; Cho et al. 2001) .
When compared to Kovalam estuary fish, the minimal increase in ASK1 levels (about 13%) in Ennore estuary fish liver mitochondria may be a protective mechanism provided by elevated levels of mtHSP70 (31%) and Trx (22%). Leppa et al. 1997 reported that the kinetics of the transcriptional induction of Trx was similar to that of HSP70. It was demonstrated that in the central nervous and the cardiovascular system, the preconditioning adaptation by means of HSP overexpression may induce the expression of Trx as a compensatory mechanism for cell survival (Chiueh et al. 2005) . It was also reported that the Trx enables mitochondria to communicate with the cytosol in a wide range of basic cellular reactions (energetics, metabolism, and protein synthesis) in response to change in environment (adaptation to stress; Balmer et al. 2004) .
The exposure of cells to pollution could generate oxidative stress which may transmit signals that separate the Trx from stress-activated signal molecules thereby promoting the activation of ASK1. The chaperones of the HSP70 family may inhibit the activity of ASK1 by having physical association thereby inhibiting the homo-oligomerization of the kinase and act as an endogenous inhibitor of ASK1 (Park et al. 2002) . As HSP70 may inhibit the activity of ASK1, the expression of ASK1 may be downregulated and hence there is only 13% increase in its expression levels. The evidence presented by the above study indicates that the overexpression of HSP70 along with the elevated expression of Trx could mitigate ASK1 expression to prevent stressinduced cellular injury thereby promoting cell survival in Ennore estuary fish.
In Ennore estuary fish liver mitochondria, the 42% increase in oxidative stress along with significantly decreased TAC levels (24% decrease) induces about 31% increase in mtHSP70. The increased mtHSP70 levels associated with 22% increase in Trx expression levels may be the reason for minimal increase in ASK1 levels (only by 13% increase) which would lead to minimal reduction of mitochondrial survivality percentage.
Conclusion
The present study clearly demonstrates an interesting correlation between HSP70 and Trx levels along with ASK1 expression which may enable the fish cells to resist stress and promote survival during pollution. The elevated levels of mtHSP70 may play a key role in environmental adaptation process in the gray mullets that are inhabiting Ennore estuary and protect the cell from oxidative stress in natural field conditions. The study of the role of Trx and ASK1 in promoting the cytoprotective function of mtHSP70 might be helpful in understanding the adaptive mechanism followed by the gray mullet inhabiting the stressed condition that promotes the cell survival against oxidative stress conditions. The inhibitory effect of increased level of HSP70 along with Trx on the expression of ASK1 appears to be a major contributor to the acquired tolerance against pollution stress and the adaptation of fish in contaminated Ennore estuary.
